Abstract The lumbar shape in females is thought to be unique, compensating for lumbar hyperlordosis. Yet, the morphological adaptation of various vertebral parameters in the thoracic and lumbar spine to this unique posture in young and adult females has only been partially addressed in the literature. Our aim was to investigate the gender association to vertebral shape in the thoracic and lumbar spine as a possible adaptation to lumbar hyperlordosis in young and adult females. A three-dimensional digitizer was used to measure the vertebral body sagittal wedging, relative spinous process thickness, and relative interfacet width at the T1-L5 level. Two hundred and forty complete, non-pathological skeletons of adults and 32 skeletons of young individuals were assessed. Three major results were found to be independent of age and ethnicity: (a) VB sagittal wedging in females was significantly less kyphotic than males from T9 to L2 (T11 excluded) with a cumulative mean difference of 8.8°; (b) females had a significantly relatively thinner lumbar spinous processes and (c) females had a relatively wider superior interfacet distance (T9-T10 and L1-L4) than males. We conclude that the combination of less kyphotic VB wedging in the lower thoracic and upper lumbar vertebrae, relatively greater interspinous space and larger interfacet width in the lumbar spine in females are key architectural elements in the lumbar hyperlordosis in females and may compensate for the bipedal obstetric load during pregnancy.
Introduction
The shape of the human vertebrae is gender affected due to genetic, hormonal and environmental factors responsible for growth-spurt timing [13] . Larger vertebral dimensions in males versus females are one of the effects [14] . Another is lumbar hyperlordosis development in females vis-a-vis males [1, 10, [15] [16] [17] . This unique lumbar posture in females is thought to compensate for the bipedal obstetric load during pregnancy and is based on a longer series of dorsally wedged vertebrae in the lumbar spine [i.e. an extra dorsally wedged lumbar vertebra (L3) in females] and larger and more frontally oriented lumbar zygoapophyseal facets in females than in males [16] . This distinctive zygoapophyseal facet shape in females, however, is not evident in other studies [5, 6] . The question remains whether the shape of other vertebral parameters along the spine (not only lumbar) contribute to a mechanically stable lumbar hyperlordosis in females.
Following a simple visual biomechanical analysis, we suggest that for this mechanical stability to occur three vertebral morphological parameters are required in females compared to males: (a) morphological compensation in the lower thoracic vertebrae for the hyperlordotic shape existing in the lumbar spine; (b) a wider mechanical basis in the posterior elements of the lumbar region; and (c) a larger intervertebral space between adjacent vertebrae.
Consequently, three major hypotheses are proposed: (1) the lower thoracic and upper lumbar vertebral bodies are less kyphotic in females than in males (providing a larger space for the human fetus to develop); (2) the lumbar interfacet width (i.e. posterior mechanical base) is relatively greater in females compared to males; (3) the lumbar spinous process thickness (i.e. intervertebral space) is relatively smaller in females than in males.
The current study aims to investigate the gender association of the vertebral shape in the thoracic and lumbar spine as a possible adaptation to lumbar hyperlordosis in females.
Subjects and methods
Direct measurements of 4,080 thoracic and lumbar vertebrae were obtained from 240 normal complete spines of adult human skeletons. The skeletons are part of the HamannTodd Human (HTH) Osteological Collection housed at the Cleveland Museum of Natural History, Cleveland, OH, USA. This collection, which is professionally reserved for research purposes, comprises about 3,660 human skeletons including 2,252 Caucasians (1,932 males and 320 females) and 1,414 African-Americans (1,038 males and 376 females), all born between 1825 and 1910. In order to reach a statistical power of over 80%, 60 adult skeletons (age range 20-80) were randomly selected (using a random list of numbers) from each population and divided into four groups, according to gender and ethnic affiliation. The skeletons in each group were then subdivided into six cohorts, ranging from 20 to 80 years. A total of 4,080 vertebrae from T1 through L5 were measured. The stature and body weight of all individuals were collected from their medical records. Exclusion criteria were: (a) presence of a systemic disease which could affect the vertebrae/ spine (based on the medical reports of all individuals); (b) damaged vertebra/pathological spine-visual inspection of all vertebrae was carried out by three experienced spinal researchers to identify pathological vertebrae, i.e. the presence of spondyloarthropathies, isthmic spondylolysis, idiopathic scoliosis (using Parent et al.'s method of identification [11] ), compression fractures, Scheuermann's kyphosis (vertebrae with anterior extension, as revealed by Scoles et al. [13] ), and trauma; (c) missing vertebrae-only individuals with all vertebrae from T1 to L5 were included.
The following three vertebral parameters were measured and calculated using the Microscribe 3D digitizer (Immersion Co. San Jose, CA, USA) ( Fig. 1) [5, 6] : (a) vertebral body (VB) sagittal wedging; (b) relative spinous process thickness; and (c) relative superior interfacet width. All vertebral parameters excluded osteophytes. The reliability (both intra-and inter-tester) of the measuring process was found to be high with interclass correlation coefficient (ICC) ranging from 0.96 to 0.98 [5] [6] [7] [8] [9] .
Descriptive statistics were calculated for all measurements. The effect of gender, ethnic group and age on the calculated vertebral parameters was examined using analysis of variance (ANOVA). Pearson's r was used to identify any significant correlation between body physiques 
Results
The mean and standard deviations of all calculated vertebral parameters found to be gender affected (T9-L5) in the thoracic and lumbar spine are presented in Table 1 . In children, all calculated parameters are not affected by gender (Table 2 ). Worth noting, however, that although non-significant, L3 in girls is dorsally wedged (i.e. lordotic) (-0.9°) whereas in boys the same vertebra is ventrally wedged (i.e. kyphotic) (?0.6°). Neither ethnicity nor age was found to have any significant effect on the calculated vertebral parameters. Males were significantly taller and heavier than females (height 171 and 161 cm; weight 137 and 112 lbs., respectively). No correlation was found, however, between the calculated vertebral parameters and the individual's weight or height [except for VB wedging at L3-L5 where significance, albeit low, correlated with height (Pearson's r \ 0.3, p \ 0.05)].
Three major outcomes were found in relation to gender differences:
1. The vertebral body (VB) sagittal wedging in females was significantly less kyphotic than males from T9 to L2 (T11 excluded) with a cumulative mean difference of 8.8°(ventral wedging of 16.8°in females and 25.6°i n males) ( Table 1 ). The total mean wedging (both ventral and dorsal) from T9 to L5 was significantly greater in males than females (a difference of 16.8°; 4.8°in females and 21.6°in males) ( Table 1 ). The sagittal wedging in all other thoracic levels (T1-T8) was gender independent. 2. The ratio-spinous process (SP) thickness/VB sagittal heights (both anterior and posterior) indicated that the lumbar spinous processes in females were significantly thinner than in males ( Table 1) . The relative SP thicknesses in all other vertebrae were gender independent. 3. The ratio-superior interfacet width/VB width-in the lumbar spine (L1-L4) and thoracic vertebrae T9-T10, was significantly higher in females than in males, indicating a relatively wider superior interfacet distance in females ( Table 1 ). The same ratio was gender independent in other thoracic vertebrae and L5.
Discussion
We found that females have less kyphotic lower thoracic and lumbar vertebrae, relatively thinner lumbar spinous processes, and relatively larger superior interfacet width than males. Our finding that females have a less kyphotic posture of the upper lumbar and lower thoracic area than males is a key element in female spine adaptation to lumbar hyperlordosis (Fig. 2) . Accordingly, the trunk's center of mass (COM) is maintained in an approximate sagittal alignment with the hip thus reducing biomechanical load and facilitating spinal extension [7] . An advantage of this 'deeper lordosis-less kyphotic' female spine is the providing of a larger superior-inferior space for the human fetus to develop during the last months of growth when the baby is forced into a flexion position due to space limitation (Fig. 2) . The disadvantage of this morphological feature is the resultant size reduction of the intervertebral foramen (i.e. due to lumbar extension posture) which in turn may Table 1 Vertebral shape significant differences between females (N = 120) and males (N = 120) (20 B age B 80) Vertebra T9  T10  T11  T12  L1  L2  L3  L4  L5 Vertebral body (VB) sagittal wedging (degrees)* Females 2.8 ± 0.04 2.6 ± 0.04 4.6 ± 0.05 3.5 ± 0.04 2.6 ± 0.05 0.7 ± 0.03 -1.1 ± 0.04 -3.1 ± 0.04 -7.8 ± 0.05 [16] where longer series of dorsally wedged lumbar vertebrae were found in females not males. The authors do not explain how the negligible amount of 1°-2°dorsal wedging at L3 found in their study (with a standard deviation greater than the differences between the sexes) lends a biomechanical advantage to the pregnant female's posture and ''enables them to increase the lordosis with less inter-vertebral rotation''. Furthermore, the authors based their arguments on averages, ignoring the fact that the dorsally wedged L3 does not exist in more than one-third (42.8%) of all females, who have neither non-wedged nor ventrally wedged L3 (Fig. 3) . We suggest that a lower amount of kyphotic vertebrae in the lower thoracic region, as found in the current study, provides a broader biomechanical basis for the hyperlolordotic lumbar spine in females. The fact that females possess relatively thinner spinous processes than males provides greater interspinous space in the lumbar region (Fig. 2) . This, in turn, enables a greater range for lumbar extension in females associated with increasing lumbar lordosis. This anthropometric feature minimizes the impingement between two adjacent lumbar spinous processes in the hyperlordotic lumbar posture in females. It is reasonable to assume that greater range of lumbar extension requires greater zygoapophyseal facet dimension in the same region. Although Whitcome et al.'s study [16] proved this assumption others found no gender effect on the zygoapophyseal relative dimension [6] , which may explain increasing low back pain during pregnancy.
The contradicting information about the uniqueness of facet shape in females may be the result of different measurement tools (caliper vs. digitizer) and different sample size (N = 120 [15] vs. N = 240 [6] ). The authors [16] also state that the lumbar zygoapophyseal facet in females are more frontally oriented than in males ''conferring greater resistance to forward displacement''. These data are also unconfirmed by others as no gender effect on facet orientation has been found [5] . Furthermore, frontally oriented lumbar facets in females may be of an evolutionary disadvantage as it would increase the shearing stress on the pars interarticularis area [7] . If zygoapophyseal facets in females are more frontally oriented, a lower prevalence of spondylolisthesis would be expected in females than in males. Yet, spondylolisthesis is four times more common in females than in males [4, 12] .
Our third outcome that relatively larger interfacet width is found in females versus males implies a larger area on which the spinal load is transmitted along the dorsal pillar in the hyperlordotic posture in females (Fig. 4) . This anatomical feature may provide a better mechanical resistance to the increased shearing forces (up to 40%) developed in the hyperlordotic lumbar spine during pregnancy [2, 3] .
Although our study was limited only to investigating the dry vertebrae of adults, a recent MRI study on children proved the existence of this anatomical trait in young girls (age range 13-16, i.e. before pregnancy) [8] . This strengthens the validity of our results and highlights their developmental and evolutionary aspects. Although this study has focused on anthropometric parameters and their uniqueness in females, it also reveals some important clinical aspects. First, when considering surgery in the thoracic or lumbar region, it is necessary to take into account the relative contribution of a specific vertebra to the total amount of kyphosis or lordosis to avoid any mechanical complications after surgery. This is even more applicable in pre-pregnant young females waiting for lumbar surgery. Second, the relatively greater lumbar interspinous space in females may enhance mobility in this region and can be significant as to conservative treatments aimed at restoring lumbar motion. Finally, as the size reduction in the intervertebral foramen (i.e. due to lumbar Fig. 2 Gender dimorphism in sagittal vertebral body wedging and spinous process thickness. Compared to males, females manifest deeper vertebral lumbar lordosis [due to an extra dorsally wedged lumbar vertebra (L3)] and less vertebral thoracic kyphosis (due to a lower amount of ventral wedging at T9-L1), thus providing a larger superior-inferior space for the human fetus to develop during the last months of growth. Lumbar hyperlordosis in females is probably due to relatively thinner lumbar spinous processes Fig. 3 The frequency of vertebral body sagittal wedging of lumbar vertebra L3 in females. Almost 43% of the females have either non-wedged or ventrally wedged L3 (lordotic wedging, i.e. negative values up to -1.1°, and kyphotic wedging, i.e. positive values up to 1.2°). It is therefore reasonable to suggest that other anatomical features as well as the dorsally wedged L3 also contribute to the hyperlordotic posture in females Fig. 4 Gender dimorphism in lumbar interfacet width A relatively larger lumbar interfacet width are found in females than in males implying a larger area on which the spinal load is transmitted along the dorsal pillar in the hyperlordotic posture of females extension posture) may contribute to low back pain in females, active treatments in the opposite direction (i.e. lumbar flexion) can be suggested. Clearly, further clinical and biomechanical studies are required to validate these clinical implications.
Conclusion
The combination of less kyphotic VB wedging in the lower thoracic and upper lumbar vertebrae, relatively greater interspinous space and larger interfacet width in the lumbar spine in females, are key architectural elements in lumbar hyperlordosis in females. These anatomical features could be the expression of altered vertebral morphology predisposing to pregnancy.
